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Abstract 
In this paper the performances regarding grid-interactivity of a conventional combined heat and power (CHP) district heating 
system and a solar CHP district heating system – with decentralized solar thermal systems and heat storages in the buildings – are 
investigated and compared for a future scenario of the energy system. For this, simulations were carried out and the subsequent 
results evaluated applying a recently introduced method (load-grid matching coefficient) for quantifying grid-interactivity. It is 
shown that the solar CHP district heating system has better grid-interactivity compared with the conventional CHP district 
heating system. It is also quantitatively and visually shown that there is still potential to improve the grid-interactivity of both 
concepts by, for instance, applying more sophisticated control strategies. Furthermore, it is shown that in the summer period the 
CHP unit is not required for long periods of time. This allows temporal decommissioning of the district heating station and the 
district heating grid and thus an avoidance of the distribution losses which are relatively high when compared with the actual heat 
used during this period. 
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1. Introduction 
In Germany, combined heat and power (CHP) district heating systems are a reasonable solution to meet a 
residential area’s energy demand. While the produced heat is used to provide the buildings’ space heating and 
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domestic hot water (DHW) requirements, often the generated electricity is fed into the grid at a fixed tariff [1]. In 
future, the income from this supplied electricity is expected to depend on the national residual load – the load that 
remains after national photovoltaic (PV) and wind turbine power has been fed in – and hence be coupled with the 
electricity prices at the European Energy Exchange. 
However, it can be anticipated that in Germany the income from electricity fed into the grid in the summer 
months will decrease from year to year. This is due to the increasing proportion of PV electricity generation, which 
has already had a depreciative effect on the price of electricity at the European Energy Exchange [2]. From this it 
can be expected that the effect of PV electricity will have a greater influence on the prices during the summer, when 
more PV electricity is produced. Thus, the consideration of grid-interactivity of CHP units will be crucial in the 
future energy system. By grid-interactivity it is meant, how well the electricity fed into the grid coincides with the 
residual load. A supply system with good grid-interactivity feeds in its produced electricity when the residual load is 
high and not when it is low or even negative and thus supports the overall energy system by leveling the residual 
load. 
 One promising technical solution to improve the grid-interactivity of conventional CHP district heating systems 
is to enhance the scheme with decentralized solar thermal collectors. Due to the correlation of PV power and solar 
heat production, at periods when there is a low residual load due to PV power, solar heat can be used to meet the 
heat demand, whilst the CHP district heating system will temporarily be decommissioned, thus improving the grid-
interactivity. 
In this paper the performances regarding grid-interactivity of a conventional CHP district heating system and a 
solar CHP district heating system in a future scenario are compared. An economic analysis is not carried out. The 
focus is on the technical evaluation of the influence on grid-interactivity due to the integration of decentralized solar 
thermal systems. 
2. Methodology 
For the above mentioned evaluation a case study is utilized: a district that can be supplied by both heat supply 
concepts. This district is then simulated with both concepts – a conventional CHP district heating system and a solar 
CHP district heating system – in order to obtain the produced CHP electricity fed into the grid with both concepts. 
Additionally, the residual load in the grid is simulated. With the information about CHP power fed into the grid and 
the residual load in the grid, the grid-interactivity can be evaluated by applying a method to quantify the grid-
interactivity. The case study is introduced in Section 2.1, the simulation methodology is described in Section 2.2 and 
the method to quantify the grid-interactivity is described in Section 2.3. 
2.1. Case study 
As case study a district in the city of Freiburg in the south of Germany was used as a basis. This district 
“Gutleutmatten” is going to be built in the years 2014-2016. It will include around 500 households and a heated 
floor area of about 40,000 m². Figure 1 shows a site plan of “Gutleutmatten”. All buildings will be built following 
the energy standard “KfW-Effizienzhaus 55” [3] with a specific space heating demand of about 35 kWh/m²a. The 
heat demand of the urban district can be divided into 1,400 MWh/a for space heating and 1,200 MWh/a for domestic 
hot water (DHW) preparation. The heat supply concept for “Gutleutmatten” is going to be a composition of a CHP 
district heating system and decentralized solar thermal systems. There will be about 30 substations planned. The 
solar thermal collectors are going to be installed on the buildings’ roofs and will amount to approximately 2,000 m² 
in total. The decentralized thermal storages will result in about 200 m³ in total. The district heating station already 
exists and consists of a CHP unit with 600 kWel/654 kWth and several gas boilers with 4000 kWs in total. It is 
located close to the district and supplies also other buildings outside of Gutleutmatten with heat (6000 MWh/a excl. 
Gutleutmatten). 
In this study it is assumed that the district heating station supplies only Gutleutmatten. Therefore, the nominal 
power for the CHP and the gas boilers are scaled down to 198 kWel/215 kWth and 1320 kWs respectively. Figure 2 
(a) shows the case study with the conventional CHP district heating concept. In the center is a district heating station 
with a CHP a gas boiler and heat storage. This station supplies heat to the buildings in the district via a district 
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heating grid. The electricity which is generated by the CHP is fed into the electricity grid. Figure 2 (b) shows the 
case study with the solar CHP district heating concept. The structure and function in this concept are the same, 
except that solar thermal collectors are installed on the buildings’ roofs (2000 m² in total) and that the heat storage is 
not in the district heating station but within each individual building (200 m³ in total). 
 
 
Fig. 1. Site plan of the case study district “Gutleutmatten” in the city of Freiburg in the south of Germany. 
 
    
Fig. 2. (a) Conventional CHP district heating concept; (b) solar CHP district heating concept. 
2.2. Simulations 
The simulation methodology is separated into two parts and depicted in Figure 3. In the first part (green 
background with steps 1 to 5) the district is simulated with each concept in order to obtain the CHP power 
production in each concept. In the second part (blue background with steps 6 to 9) the national residual load for a 
future scenario is simulated. 
In order to obtain the CHP power production with the conventional CHP district heating concept, steps 1, 2, 4 
and 5 are carried out. In step 1, the space heating demand of the district is simulated. Therefore, a building 
simulation model in Modelica/Dymola that is based on a resistance-capacitance model described in [4] is used. The 
simulations are based on measured weather data for Freiburg for the year 2011. In step 2, the domestic hot water 
demand is calculated with the tool DHWcalc [5]. An average DHW demand of 30 kWh/m²a (incl. circulation) is 
assumed. 
In step 4, the distribution losses due to the district heating grid is simulated. Finally in step 5, the simulation of 
the district heating station that covers the heat demand is carried out and the produced power by the CHP obtained. 
For the simulation of the solar CHP district heating concept the same steps as for the conventional concept are 
carried out, however, additionally step 3 is applied. In step 3, a solar thermal system model in Modelica/Dymola is 
used in order to simulate how much of the heat demand is covered by solar heat and how much remains to be 
supplied by the district heating station. For the collector a modified version of the model from the “Buildings” 
library [6] was used that models a solar thermal collector according to the EN12975 test standard [7]. The storage 
model is developed at Fraunhofer ISE and available in the internal Modelica library “ISELib” of Fraunhofer ISE. 
For the simulation of the national residual load in the second part of the simulation methodology, data for the 
year 2011 are used. Data for the load can be obtained from the transmission system operators [8] and data for PV 
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and wind turbine electricity production from the EEX Transparency Platform [9]. For the scenario simulation the 
load values from 2011 are assumed (a future decrease of electricity demand due to energy efficiency measures is not 
considered). However, for the PV and wind turbine curves the 2011 data are adjusted to the capacities shown in 
Table 1 (based on “scenario B2023” described in [10]). Therefore, the original data from the EEX Transparency 
Platform are corrected1 and normalized before scaling up to the above mentioned values. Finally, the residual load is 
obtained by subtracting the PV and wind turbine power curves from the load curve. 
After obtaining the CHP power fed into the grid (steps 1 to 5) and the residual load in the grid (steps 6 to 9), we 
are now able to carry out step 10: evaluating the grid-interactivity of the two heat supply concepts. The method for 
this is described in the next section. 
 
Fig. 3. Simulation methodology. Green background: steps for the urban district simulation. Blue background: steps for the residual load 
simulation. 
Table 1. Power capacities for the simulation scenario. 
Technology Power capacity (GW) 
PV 61.3 
Wind onshore 49.3 
Wind offshore 14.1 
 
 
1 In the original data, total power production during the entire year is estimated. Hence, additional power capacities installed during the year 
are included. In order to be able to use these data for a scenario with certain fixed power capacities, the power capacity expansion during the year 
must be eliminated. 
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2.3. Quantifying grid-interactivity 
For the quantification of grid-interactivity, the absolute load-grid matching coefficient (LGMCabs) – formerly 
called “R” – is used [11]. The basic idea of LGMCabs is to “weight” the time-resolved electricity production or 
consumption with a time-resolved reference quantity which reflects the availability of electricity in the energy 
system. In this study, a forecast of residual load of Germany is used as a reference quantity, but generally, the 
approach can be applied to other reference quantities as well (e.g. real-time electricity prices). The LGMCabs value 
reflects whether electricity consumption or production mainly takes place during “favorable” or “unfavorable” 
times. It is calculated as 
GW
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where Pel is the time-resolved electricity production, G is the grid-based reference quantity (here: residual load) and 
ܩҧ  is the mean of the reference quantity in the evaluation period. Figure 4 (a) and (b) are used to facilitate the 
understanding of the described coefficient. A value LGMCabs of 1.0 for an electricity producer like a CHP unit 
means that electricity is – on weighted average – generated at mean residual load. A value of 1.05 means that 
electricity is – on weighted average – generated when the residual load is 5% higher than mean residual load. The 
latter value is favorable, since the electricity is generated when the demand for conventionally produced electricity 
is higher than average and therefore helps to level this demand. Hence, every value above 1.0 is “grid-favorable” 
and every value below 1.0 is “grid-adverse” (see Figure 4 (b)). 
Additionally to LGMCabs the relative load-grid matching coefficient (LGMCrel) is calculated in order to quantify 
to what extent the considered CHP unit or concept fulfills its grid-interactivity potential. For this, a range with the 
theoretical best LGMCabs – upper potential boundary (upperPB) – and theoretical worst LGMCabs – lower potential 
boundary (lowerPB) – is calculated (see Figure 4 (b)). For these calculations it is assumed that the daily electricity 
production can be shifted within the individual days. The procedure is indicated in Figure 5. Figure 5 (a) shows 
actual results for residual load (green) and CHP power production within an example day. In Figure 5 (b) it can be 
seen that in order to calculate the lowerPB, the CHP power production is shifted to periods with low residual load. 
For the upperPB, the CHP power production is shifted to periods with high residual load (Figure 5 (c)). After 
calculating the theoretical worst and best LGMCabs, the LGMCrel can be calculated as 
100
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Fig. 4. (a)  Examples of a grid-favorable (green line), a grid-adverse (red line) and a grid-neutral (grey line) producer; (b) The relation between 
LGMCabs and LGMCrel. 
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Fig. 5. Procedure in order to calculate the lower potential boundary and the upper potential boundary. (b) indicates how the worst possible 
situation in terms of LGMCabs would look like and (c) the best possible situation. 
3. Results and discussion 
3.1. Simulations 
Figure 6 shows the simulation results for a typical week in the transition period (spring). The residual load, the 
PV power and wind turbine power are the same for both heat supply concepts – conventional CHP district heating 
system and solar CHP district heating system. The CHP power production (upper part of figure) and the heat load 
that has to be covered by the district heating station (lower part of figure) are different for both concepts. The results 
for the conventional concept and the solar concept are referred to as “no solar heat” and “with solar heat” 
respectively. They are also differentiated by color. Results for the conventional concept are blue and results for the 
solar concept are red. The results for CHP power production with the conventional concept are overlaid by the 
results for CHP power production with the solar concept. It can be seen that in the conventional concept the CHP 
produces and feeds in power constantly during the considered week as there is constantly a heat demand to be 
covered. In the solar concept, CHP power is only intermittently produced, coinciding with the periods where there is 
a remaining heat demand, which has not been covered by the solar thermal system. As expected, the periods when 
solar heat is produced – this is when the heat load to be covered by the district heating station drops – correlates 
roughly with the periods when PV power is also produced. Therefore, when the residual load decreases due to PV 
power in the grid, the CHP turns off. However, it can be seen that when the residual load increases again, the CHP 
stays still off for a while and thus not producing power at periods where the residual load is relatively high. This 
mismatch is due to the differing dynamics of PV and solar thermal systems and shows that there is potential to 
optimize the correlation. 
 
Fig. 6. Simulation results for a typical week in the transition period. 
Figure 7 is built up in the same way as Figure 6 and shows the simulation results for a typical week in the 
summer period. It can be seen that in the solar concept the CHP can be turned off for long periods, as almost all of 
(b) worst possible (c) best possible (a) actual results 
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the heat required is supplied by solar heat. This can have a positive effect on grid-interactivity, since in energy 
systems with a high share of PV, in average, the residual load in summer is lower. 
Furthermore, the heat demand in summer is generally lower – no space heating demand, only DHW demand – 
with the result that distribution losses due to the district heating grid can be relatively high, even higher than the 
required heat itself. By temporal decommissioning of the district heating station and the district heating grid at 
periods when the entire heat demand is covered by the solar thermal systems, these losses can be avoided and thus 
the efficiency of the system improved. 
 
Fig. 7. Simulation results for a typical week in the summer period. 
3.2. Grid-interactivity 
The evaluation of the grid-interactivity of the two heat supply concepts are based on the method described in 
Section 2.3. Figure 8 (a) shows the results for the LGMCabs for both concepts. The conventional concept (blue dot) 
achieved a value of 1.03 and gives the information that – on weighted average – electricity is fed in when the 
residual load is 3% higher than mean residual load and hence is in the grid-favorable area. The LGMCabs for the 
solar concept (red dot) is also in the grid-favorable area but with a value of 1.10 it shows an improved grid-
interactivity due to the integration of solar thermal systems. When looking at the results for LGMCrel (Figure 8 (b)), 
it can be seen that both concepts are in the upper range of their respective potentials with 66% for the conventional 
concept and 60% for the solar concept. However, it also shows that it is possible to improve their performances by, 
for instance, applying more sophisticated control strategies in order to shift the CHP electricity production to more 
favorable periods within a day.  
                   
Fig. 8. (a) LGMCabs results for both concepts; (b) LGMCrel results for both concepts. 
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4. Conclusions and future work 
In this paper the performances regarding grid-interactivity of a conventional CHP district heating system and a 
decentralized solar CHP district heating system were investigated and compared for a future scenario. For this, 
simulations were carried out and the subsequent results evaluated by applying a relatively new method (load-grid 
matching coefficient) for quantifying grid-interactivity. 
It could be shown that solar CHP district heating systems have better grid-interactivity compared with 
conventional CHP district heating systems. The LGMCabs for the conventional concept and the solar concept are 
1.03 and 1.10 respectively. Hence, with the solar concept CHP electricity was fed in when the residual load was – on 
weighted average – 7% higher than the residual load at periods when CHP electricity was fed in with the 
conventional concept and thus has a larger impact on leveling the residual load. 
It could also quantitatively (by LGMCrel) and visually (by detailed simulation results) be shown that there are still 
potentials to improve the grid-interactivity of both concepts by, for instance, applying more sophisticated control 
strategies in order to shift the CHP power production to more favorable periods during a day. 
Furthermore, it was shown that in the summer period the CHP unit was not required for long periods of time. 
This would allow for the temporal decommissioning of the district heating station and the district heating grid and 
thus an avoidance of the distribution losses which are relatively high during this period. 
Recommendations for future research are firstly, an economic analysis of the two heat supply concepts. 
Secondly, to investigate the concepts with electricity oriented CHP units, since the share of these systems are 
expected to increase in future. Thirdly, to examine more sophisticated control strategies (e.g. model predictive 
control) in order to exploit more of the grid-interactivity potential of the concepts. Finally, to investigate the grid-
interactivity of the considered concepts for different future scenarios (e.g. different shares of PV and wind turbine 
power capacities) as this has an influence on the grid-interactivity especially for the solar concept. 
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